Abstract: After 1 July 2006, a major challenge that the manufacturing industry has to confront now is the effect of the lead-free equipment system selection process on companies' capital expenditure decision. With capital investment, the criteria may be financial (e.g. expected cash flows) and non-financial (e.g. product quality). We use a systems approach with the fuzzy analytic hierarchy process (FAHP) method as the decision support system to help decision makers making better choices both in relation to tangible criteria and intangible criteria. Fuzzy set theory will be utilised to provide an effective way of dealing with the uncertainty of human subjective interpretation of tangible and intangible criteria.
Fuzzy numbers and FAHP

Triangular fuzzy numbers (TFNs)
This study adopts TFNs as they are convenient to use in applications due to their computational simplicity (Moon and Kang, 2001) , and useful in promoting representation and information processing in a fuzzy environment (Liang and Wang, 1993) . The definitions and algebraic operations are described as follows.
A TFN A can be defined by a triplet (l, m, u) and its membership function ( ) A x can be defined by Equation (1) (Chang, 1996; Zimmermann, 1996) 
Construction of FAHP comparison matrices
This study utilises modified synthetic extent FAHP, which was originally introduced in Chang (1996) and developed in Zhu et al. (1999) . One advantage of the modified synthetic extent FAHP method is that it allows for incompleteness of the pairwise judgements made; though it is not the only FAHP approach that allows this feature (see Interval Probability Theory in Davis and Hall, 2003) . This allowance for incompleteness reflects its suitability in decision problems where uncertainty exists in the decisionmaking process. The aim of any FAHP method is to priorise ranking of alternatives. Central to this method is a series of pairwise comparisons, indicating the DMs' relative preferences between pairs of alternatives in the same hierarchy. The linguistic variables used to make the pairwise comparisons are those associated with the standard 9-unit scale (Saaty, 1980 ) (see Table 1 ).
It is difficult to map qualitative preferences to point estimates, hence a degree of uncertainty exists with some or all pairwise comparison values in an FAHP problem (Yu, 2002) . Using TFNs with pairwise comparisons, the fuzzy comparison matrix X = (x ij ) n n , where x ij is an element of the comparison matrix and n is the number of rows and columns. The reciprocal property of the comparison matrix is ; i, j = 1, …, n; and the subscripts i and j refer to the row and column, respectively. The pairwise comparisons are described by values taken from a pre-defined set of ratio scale values as presented in Table 1 . The ratio comparison between the relative preference of elements indexed i and j on a criterion can be modelled through a fuzzy scale value associated with a degree of fuzziness. Then, an element of X, x ij is a fuzzy number defined as x ij = (l ij , m ij , u ij ), where l ij , m ij , u ij are the lower bound, modal, and upper bound values for x ij , respectively. Intermediate values between the two adjacent judgements
Value of fuzzy synthetic extent
Let C = {C 1 , C 2 , …, C n } be a criteria set, where n is the number of criteria and A = {A 1 , A 2 , …, A m } be a decision alternative set, where m is the number of decision alternatives. Let
To make use of the algebraic operations described in Section 2.1 on TFNs, the value of fuzzy synthetic extent S i with respect to the ith criteria is defined:
where represents fuzzy multiplication and the superscript 1 represents the fuzzy inverse. The concepts of synthetic extent are also found in Cheng (1999) and Bozda et al. (2003) .
Calculating sets of weighted values of FAHP
To obtain estimates for sets of weight values under each criterion, one must consider a principle of comparison for fuzzy numbers (Chang, 1996) . For example, for two fuzzy
If two fuzzy numbers, say M 1 = (l 1 , m 1 , u 1 ) and M 2 = (l 2 , m 2 , u 2 ), in a fuzzy comparison matrix satisfy
is given by (Zhu et al., 1999) :
2. 
That is, the value of is a constant and is considered an absolute distance from the lower bound value (l ij ) to the modal value (m ij ) or the modal value (m ij ) to the upper bound value (u ij ) (see Figure 2) .
Given the modal value m ij (v k ), the fuzzy number representing the fuzzy judgement made is defined by (m ij , m ij , m ij + ), with its associated inverse fuzzy number
In Figure 2 , the definition of the fuzzy scale value given in Zhu et al. (1999) is that the distance from m ij (= v k ) to v k 1 is equal to the distance from m ij to v k+1 ( distance). In the case of m ij given a value of one (m ij = 1) off the leading diagonal (i j), the general form of its associated fuzzy scale value is defined as (1/ (1 ) , 1, 1 + ). For example, given m ij = 1, the fuzzy number will be (0.6667, 1, 1.5) when = 0.5.
Figure 2
Description of the degree of fuzziness according to Zhu et al. (1999) 
One restriction of the method described by Zhu et al. (1999) is that it assumes equal unit distances between successive scale values. However, with respect to the traditional AHP there has been a growing debate on the actual appropriateness of the Saaty 1-9 scale, with a number of alternative sets of scales being proposed (see Beynon (2002) and references contained therein). Here, is defined as a proportion (relative) of the distance between successive scale values. Hence, the associated fuzzy scale value for the case of m ij given scale value v k is defined as:
When the maximum scale value v 9 is used, consideration has to be given to its associated upper bound values. That is given m ij = v k then it is not possible to use the previously defined expressed, instead of u ij = u 9 = v 9 + 2 9 8 8 7
The reason is that there is no v 10 (v 9+1 ) value to use, so instead the new expression takes into account the difference between successive scale values (for the details of degree of fuzziness, see Tang and Beynon (2009) ).
Sensitivity analysis of resultant weight values
Sensitivity analysis is a fundamental concept for the effective use and implementation of quantitative decision models (Dantzig, 1963) . The objective of sensitivity analysis here is to find out when the input data (preference judgements and degrees of fuzziness) are changed into new values, how the ranking of the DAs will change. This study will utilise sensitivity analysis to measure degrees of fuzziness and will explain it in Section 4.
Application of FAHP to a lead-free equipment system selection problem
This section presents the case study, electronics company (EL), including the details of its capital investment problem and the solution proposed by FAHP.
Description of EL
EL is a listed company in Taiwan. It aims to create a safe, convenient and obstacle-free environment, provide better life quality, safety and comfort for customers and constantly devote itself to research and development of high-quality, low-price, competitive products. To follow all the procedures in ISO 14001 and OHSAS 18001 regulations, to prevent calamities, and to control air and waste pollution, EL's top management decided to implement a new lead-free equipment system. EL's capital investment decisions are normally made by three senior managers: the finance department manager, the engineering department manager and the manufacturing department manager (hereafter referred to as DMs). In this particular decision, only three well-known suppliers, A 1 , A 2 and A 3, provide price quotes. The three types of lead-free equipment system they provide, Equipment A 1 , Equipment A 2 and Equipment A 3, are the decision alternatives in this case study.
Details of equipment system selection problem
The lead-free equipment system has the following components: equipment, parts, service support, education and training support, and pollution control function. First, we identified which selection criteria should be considered through a semi-structured interview with the DMs. The DMs decided to restrict the criteria to seven areas based on EL's requirements. Details of these criteria and their sub-criteria are shown in Table 2 . Brief descriptions of the seven criteria and some DMs opinions of how well the equipment alternatives meet the criteria are listed below:
C 1 : Acquisition cost of equipment and parts -C 11 : price of the equipment (NT$); C 12 : price of parts; C 13 : convenience to get parts.
The DMs want to minimise the price of the equipment and the price of its parts, and they want accessibility of replacement parts. Equipment A 2 is the most expensive equipment in both acquisition cost and replacement parts cost.
The DMs prefer the new equipment to be downwardly compatible. Equipment A 1 is highly compatible with EL's existing equipment.
C 3 : Response and maintenance time -C 31 : service ability (The numbers of distributor service centres and the distance of distributor service centres); C 32 : maintenance ability (maintenance time -by hours); C 33 : time to arrive.
For example, in Table 2 , C 32 , Equipment A 1 needs 2-4 hr for maintenance, while Equipment A 3 needs 5 hr for maintenance. Equipment A 2 is difficult to maintain, and the supplier has difficulty arriving at EL in a short period of time.
C 4 : Education and training -C 41 : install; C 42 : education and training.
The DMs are concerned about how much training is necessary for the installation and testing of the equipment. They also care about the quantity and quality of education and training that suppliers are willing to provide.
C 5 : Equipment size and pollution control -C 51 : space of the equipment; C 52 : environmental assessment.
The DMs prefer equipment with less air pollution, noise pollution and water pollution.
C 6 : Upgrades and expansibility -C 61 : research and development ability.
The DMs want to know the extent of suppliers' research and development facilities, relatively easy to upgrade to high-level products and reserved the space to expand.
C 7 : Supplier and brand reputation -C 71 : brand; C 72 : quantity of customers of the supplier at present; C 73 : financial situation of the supplier. A 1 has a good reputation and already supplies more than 15 companies.
Using a systems approach with the structured questionnaire, the DMs first indicated their preferences between pairs of criteria. This study allows DMs to leave blank any comparison for which they had no opinion or preference. Thus, by allowing for incomplete responses, the questionnaire avoided pressuring the DMs into an inappropriate decision. Tables 3 and 4 illustrate the results of the pairwise comparisons between the seven criteria and the sub-criteria, respectively. Table 5(a)-(o) shows 15 further fuzzy comparison matrices for pairwise comparisons between equipment alternatives on each of the criteria and sub-criteria. For example, in Table 3 , the three DMs made judgements on C 1 compared to C 4 , with the pairwise comparisons of (3, 5, and 5). The fuzzy scale values 3 and 5 represent 'moderately preferred' and 'strongly preferred', respectively, as shown in Table 1 . For the comparisons between the sub-criteria shown in Table 4 , the criteria C 2 and C 6 are left out, since they have only one sub-criterion. Table 6 shows the fuzzy preference comparison matrix for each pair of the seven criteria from Table 1 with the degree of fuzziness, the distances between successive scale values are equal, that is,
Table 3
Pairwise comparisons between criteria based on three DMs' opinions Table 6 The fuzzy comparison matrix version of comparisons between criteria
(1, 1, 1)
(1/(5 + ), 1/5, 1/ (5 )) (1/(3 + ), 1/3, 1/(3 ))
(1/(8 + ), 1/8, 1/ (8 )) (1/(7 + ), 1/7, 1/ (7 )) (1/(1 + ), 1, 1 + )
(1/(6 + ), 1/6, 1/ (6 ) (1/(6 + ), 1/6, 1/ (6 )) (1/(7 + ), 1/7, 1/ (7 )) (1/(3 + ), 1/3, 1/(3 ))
(1/(5 + ), 1/5, 1/ (5 ) (1, 1, 1)
(1/(7 + ), 1/7, 1/ (7 ) C3 (7 , 7, 7 + ) (1/(1 + ), 1, 1 + ) (6 , 6, 6 + ) (7 , 7, 7 + ) (1/(3 + ), 1/3, 1/ (3 )) (1/(7 + ), 1/7, 1/ (7 )) (1, 1, 1) 
C4
(1/(3 + ), 1/3, 1/(3 ))
(1/(5 + ), 1/5, 1/ (5 )) (1/(5 + ), 1/5, 1/(5 ))
(1/(7 + ), 1/7, 1/ (7 )) (1/(5 + ), 1/5, 1/ (5 )) (1/(9 + ), 1/9, 1/(9 ))
(1/(7 + ), 1/7, 1/ (7 )) (1/(5 + ), 1/5, 1/ (5 )) (1/(3 + ), 1/3, 1/(3 ))
(1, 1, 1) (1/(7 + ), 1/7, 1/(7 ))
(1/(7 + ), 1/7, 1/ (7 ) (1/(7 + ), 1/7, 1/(7 ))
(1/(8 + ), 1/8, 1/(8 ))
(1/(7 + ), 1/7, 1/(7 ))
(1/(5 + ), 1/5, 1/(5 ))
(1/(1 + ), 1, 1 + )
(1/(2 + ), 1/2, 1/(2 ))
Using sensitivity analysis to determine degrees of fuzziness
This section explains how to use sensitivity analysis to measure degrees of fuzziness. Figure 3 shows the sensitivity of the varying degrees of fuzziness for Table 3 judgement data of the pairwise comparisons between seven criteria. Variable represents the degree of fuzziness. There are seven lines in Figure 3 that represent the weighted values of the different criteria. The numbers (with criteria) on the -axis represent the degrees of fuzziness with respect to each criterion. For example, the degrees of fuzziness up to 0.46 (in Figure 3 , -axis) shows that C 2 has the absolute dominant preference (and hence, the least amount of fuzziness). This result means that C 2 is an important criterion to be considered when the DMs make decisions, so the weight value is 1. After reaches 0.46, the criterion C 3 has the next priority weight. The next criterion is C 6 , which has a priority weight as approaches 0.8, etc. The values of at which the criteria have positive weight values (non-zero) are hereafter referred to as appearance points.
For judgements between criteria, all seven criteria have positive weights when is greater than 2. This means that if is less than 2, some criteria will have no positive weights. Zahir (1999) discusses this aspect within traditional AHP, suggesting that DMs do not favour one criterion and ignore all others, but rather place criteria at various scales. In addition, when pairwise comparisons are made between criteria, it is expected that all weights should have positive values. Therefore, it is useful to choose a minimum workable degree of fuzziness. The expression 'minimum workable degree of fuzziness' is defined as the largest of the values of at the various appearance points of criteria on the -axis. In this case, the minimum workable degree of fuzziness for decisions between criteria is 2.
In general, when considering the final results, the domain of workable is expressed as T and is defined by the maximum of the various minimum workable degrees of fuzziness throughout the problem; that is T = max( 
In the comparisons between sub-criteria (C 1 , C 3 , C 4 , C 5 and C (e)). For the comparisons between equipment alternatives with respect to individual sub-criteria, the resulting fuzzy comparison matrices (on C 11 , C 12 , C 13 , … and C 73 ) reveal their minimum workable values are 4. 05, 3.56, 2, 3.4, 3.1, 4, 2, 0, 0.65, 3.25, 0.6, 3.1, 3.7, 1.38 and 1.28 , respectively (see Figure 5(a)-(o) ). For the maximum of the minimum workable values is T = max (2, 0.43, 1.07, 2.04, 1.83, 1.2, 4.05, 3.56, 2, 3.4, 3.1, 4, 2, 0, 0.65, 3.25, 0.6, 3.1, 3.7, 1.38, 1.28 1265, 0.1941, 0.1757, 0.1129, 0.1387, 0.1621 and 0.0899, respectively (see Table 7 ). Subsequently, the weight values for the sub-criteria based on each criterion are derived from Table 4 , and the weight values are listed in Table 7 . For example, for C 1 , the weight values for the comparisons between C 11 , C 12 and C 13 are 0.3580, 0.3077 and 0.3343, respectively. The last column in Table 7 shows the weight values for equipment alternatives over the different sub-criteria. For instance, for C 11 , the weight values for the comparisons by the three DMs are 0.4319, 0.0016 and 0.5665, respectively.
The final results of this case study reveal two clear decisions made by the DMs of EL, which are the most preferred decision alternative and the most important criterion.
The most preferred lead-free alternative is Equipment A 1 ; Equipment A 3 is the next preferred alternative, while Equipment A 1 is the least preferred alternative (see Table 7 ). This preference for Equipment A 1 is found in the weight values for not only the criteria, but also the sub-criteria shown in Table 7 . In those 15 sub-criteria, apart from C 12 , C 13 , C 42 , C 52 and C 72 , Equipment A 1 has greater weight values than the other two alternatives.
The most preferred criterion is C 2 , that is, the compatibility between new and old equipment (see Table 7 ). This result means that the DMs care more about the compatibility between new and old equipment than any other single criterion. 
Conclusions
This study has shown that FAHP has the potential to benefit the manufacturing industry by minimising any negative effects of being forced to invest in the lead-free equipment system by new regulations. Decisions about capital expenditures required by new laws, like the lead-free requirement system, can be particularly complex for DMs. Due to the uncertain and fuzzy nature of such complex problems, FAHP allows for imprecision in judgement. This study takes FAHP even further by including more allowances for imprecision in its model. Most importantly, it allows for variations in degrees of fuzziness. Previous studies assumed fixed fuzziness. Fuzziness of a decision can change depending on the criteria being considered by the DM. This study uses sensitivity analysis to find the degree of fuzziness appropriate to the weight values of decision alternatives and also allows for imprecision by not forcing DMs to choose between alternatives or criteria when they have no preference.
In our case study, we used criteria based completely on subjective opinions elicited directly from the DMs and found that the DMs successfully made judgements regarding which lead-free equipment system to purchase utilising FAHP.
The results of this case study suggest that a suitable degree of fuzziness, that is, the maximum of the minimum workable values of , is necessary to obtain the sets of weights. Moreover, where there are different maximums of the minimum workable values of for different scales or different models of aggregation, as in the comparisons in this study, we suggest that the highest of the maximums of the minimum workable values of should be chosen.
In summary, we provide a real-world example to illustrate a new MCDM method with the systems approach for selecting lead-free equipment system when company confronts the different policies from government. This suggested FAHP method adequately addresses the inherent uncertainty and imprecision of the human decisionmaking process. This study's contribution to FAHP methodology is the demonstration that fuzziness should not be fixed only at 0.5. DMs from manufacturing companies faced with selecting lead-free equipment system can establish their own evaluation procedure for their company's capital investments based on their subjective opinions. The lead-free equipment system selection problem is a typical capital expenditure problem. Manufacturing companies can also apply FAHP to a variety of other capital expenditure decisions.
